We present a method to obtain reliable edge proles of the electron temperature by forward modelling of the electron cyclotron radiation transport. While for the core of ASDEX Upgrade plasmas, straightforward analysis of electron cyclotron intensity measurements based on the optically thick plasma approximation is usually justied, reasonable analysis of the steep and optically thin plasma edge needs to consider broadened emission and absorption proles and radiation transport processes. This is done in the framework of integrated data analysis which applies Bayesian probability theory for joint analysis of the electron density and temperature with data of dierent interdependent and complementary diagnostics.
Introduction
For the realization of a fusion reactor, one of the most crucial tasks is the understanding and control of the physical processes occurring at the plasma edge. The latter determines quality and stability of the plasma connement [1] . Within this very thin layer some plasma parameters vary by several orders of magnitude. Therefore, detailed knowledge with high temporal and spatial resolution of the plasma edge characteristics, e.g. the electron density and temperature for ELM studies and investigations on the L-H transition, is essential for the development of future fusion plants. In this work, we present a method to obtain reliable edge proles of the electron temperature by forward modelling of the electron cyclotron radiation transport.
Radiometry of the electron cyclotron intensity spectrum is an established technique to diagnose the electron temperature prole [2] . Nevertheless, its commonly employed analysis is not universally applicable. It is based on the identication of the radiation temperature measured at a certain frequency with the local electron temperature at the corresponding cold resonance position [3] . The underlying assumptions of discretely localized emission and of radiation intensity at black-body level are reasonable in the core of typical fusion plasmas. However, they are no longer valid for frequencies that are resonant in optically thin plasma regions or close to steep temperature gradients, e.g. at the edge of H-mode plasmas.
A direct evidence for the misinterpretation of identifying the radiation temperature with the electron temperature is given by the so-called`shine-through' peak of enhanced radiation at frequencies resonant in the Scrape-O Layer (SOL) which can reach several hundred eV and has been observed at dierent machines [4, 5, 6] . Such high electron temperatures outside the separatrix would cause an immediate plasma extinction due to the strong parallel heat transport (K ∝ T 5/2 ) [7] .
This implies, that establishing reliable electron temperature proles at the plasma edge needs handling of the radiation transport processes through the entire plasma and consideration of the broadened electron cyclotron emission and absorption proles which depend on the electron temperature and density [8] . This is done by forward modelling in the framework of Integrated Data Analysis (IDA) which combines the data of LIthium Beam emission spectroscopy (LIB), Deuterium CyaNide interferometry (DCN) and Electron Cyclotron Emission (ECE) diagnostic for joint analysis of the electron density and temperature, applying Bayesian probability theory [9] .
For H-mode plasmas, the presented method reveals steeper edge electron temperature gradients than previous analysis. This nding changes the basis of plasma edge studies, since the pressure gradient a key player for pedestal physics is strongly dependent on the temperature gradient. Furthermore, our analysis is able to quantitatively reproduce the measured electron cyclotron radiation intensities for all frequencies resonant in the main and near-SOL plasma. This also includes the`shine-through' peak which can be modelled in contradiction to previous thoughts [4, 5] without the inclusion of any non-Maxwellian contributions to the electron distribution function.
The article consists of two methods and four results sections followed by a discussion. The methods part starts with a short overview on the diagnostic setup and hardware installed at ASDEX Upgrade for electron cyclotron intensity measurements. Section 3 is dedicated to the physical background of ECE data and its analysis. First, some basics about electron cyclotron radiation and its transport together with the required mathematics are introduced and a new formula providing an analytical solution for the broadened emission prole of second harmonic eXtraordinary mode (2 nd harmonic X-mode) waves caused by Maxwell-distributed electrons is presented. Second, the principles of the optimization process within the preexisting IDA environment for electron density and temperature estimation at ASDEX Upgrade are pointed out. Finally, section 3.3 describes in detail how the modelling of the electron cyclotron radiation is realized within IDA.
After presenting typical results for the H-mode edge electron temperature obtained with our new method in section 4, we explain the relation between the electron temperature and the radiation temperature subject to dierent plasma characteristics in section 5. The sensitivity of our results on program settings and input parameters is studied in section 6 and the method is validated in section 7.
ECE measurement at ASDEX Upgrade
At ASDEX Upgrade, the electron cyclotron intensity spectrum in 2 nd harmonic Xmode is measured with a 60-channel heterodyne radiometer receiver [2] . It is equipped with ve mixers at local oscillator frequencies of ν LO = 95, 101, 128, 133 and 167 GHz.
Together with 60 lters at xed intermediate frequencies in the range of ν IF = 2−18 GHz with bandwidths of 300 MHz for 36 channels and 600 MHz for 24 channels this denes the sensitivity range for the measured radio frequencies (ν RF = 85 − 185 GHz) and the instrumental radial resolution of down to ∼ 5 mm. The data acquisition system exhibits a temporal resolution of 32 µs. The system is absolutely calibrated by measurements of black-body radiation emitted by laboratory hot (T = 773 K) and cold sources (T = 77 K) [2] . The ECE antennae are located slightly above the midplane of the ASDEX Upgrade vessel, viewing the plasma from the low-eld side. The lines of sight (LOS) are formed by a system of three lenses that cause Gaussian beams focussed on the plasma edge. They are oriented towards the toroidal magnetic eld with an angle θ + θ r . The angle between the magnetic eld lines and the central rays ranges between θ ≈ 96
• for one and θ ≈ 80
• for the other antennae, while θ r which accounts for the widened viewing area due to the nite antenna pattern lies within ±5 • .
3. Electron cyclotron radiation forward modelling
Electron cyclotron radiation
Details about the origin of electron cyclotron radiation, its intensity and transport via (re-)emission and re-absorption processes can be found i.a. in [8] . However, we introduce the formulae needed for the analysis and sketch the derivation of a new analytical formula for the broadened emission prole. Furthermore, the assumptions and insuciency of previous ECE analysis are discussed.
Gyration frequency Due to their gyration around the magnetic eld lines the electrons in a magnetically conned fusion plasma emit electromagnetic radiation at the fundamental electron cyclotron frequency and its harmonics m. The cold resonance angular frequencies
are determined by the magnetic eld strength B and the electron rest mass m e,0 and charge e. For every single electron, the actual emission frequencies are broadened around the discrete cold resonance frequencies as a result of its individual relativistic mass increase and the Doppler eect [8] .
Emission prole An expression for this broadened emission prole considering the freespace approximation for suciently tenuous plasma and single uncorrelated radiating electrons is derived e.g. in [8] . A weakly relativistic plasma (k B T e m e,0 c 2 ) in local thermal equilibrium (Maxwell-distributed electrons) yields for the 2 nd harmonic X-mode (ω m = ω 2X = 2eB/m e,0 ) a spectral emissivity of:
with total emissivity
and the fraction of power that is emitted in X-mode η 2X (= 1 − η 2O ). β = v /c and β ⊥ = v ⊥ /c denote the parallel and perpendicular velocity contributions as a fraction of the speed of light c, θ the viewing angle relative to the magnetic eld lines and ζ = (m e,0 c 2 )/(2k B T e ) with Boltzmann constant k B and electron temperature T e . From the delta function, giving only a contribution to the emissivity if the resonance condition
is fullled, one can derive the broadening of the emission region depending on electron velocity and viewing angle. Doppler broadening is dominant if β cos θ > β 2 . Elsewhere the frequency is mainly down-shifted relative to the cold resonance frequency due to relativistic mass increase. [8] The integration of (3.4) is carried out in (A.1) and reveals an analytic result for the shape function: 
Radiation transport In a fusion plasma the magnetic eld strength varies with the location and, therefore, radiation at a certain frequency is emitted from a nite resonance region according to the broadening eects. Hence, to obtain the radiation intensity I 2X emerging the plasma, emission and re-absorption processes corrected by the refractive index N have to be considered within the whole broadened resonance region via the radiation transport equation [3] :
along the ray path s. In local thermal equilibrium, the absorption α 2X is thereby given by Kirchho's law. I BB denotes the black-body intensity which for hot plasmas and electron cyclotron radiation in the microwave range ( ω < meV k B T e ) is given by the Rayleigh-Jeans approximation
of Planck's radiation formula [8] .
Classical' ECE analysis Commonly applied ECE analysis (hereafter:`classical' ECE analysis) simplies the radiation transport by assuming an optically thick plasma with optical depth τ = α(s)ds 1. In this case, the incident radiation is fully reabsorbed after sucient path length and according to (3.7) and under stationary plasma conditions the intensity I 2X (s) is constant along the path and equal to blackbody intensity [3] . As a second eect of the high re-absorption, the emission region of the radiation actually emerging the plasma is narrowed and the origin of the main intensity contribution is localized closer to the position of cold resonance.`Classical' ECE analysis consequently applies the approximation of a plasma emitting electron cyclotron radiation at black-body level from the cold resonance position R res of the measured frequency ω. In this case the analysis is straight-forward since the electron temperature equally to the radiation temperature T rad is directly proportional to the measured intensity:
For mostly observed rst harmonic Ordinary mode (1 st harmonic O-mode) and 2 nd harmonic X-mode, the assumption of an optically thick plasma is usually valid in the bulk of a fusion plasma [8, 3] . Anyway, in regions of steep temperature gradients and optically thin plasma typical edge conditions for H-mode plasmas the`classical' ECE analysis fails and the broadened emission and absorption proles have to be considered.
Integrated data analysis
For the estimation of the electron temperature from measured electron cyclotron radiation intensities, we applied the concept of IDA in the framework of Bayesian probability theory. Bayes' theorem (3.10) enables to link the likelihood Probability Density Functions (PDFs) p(d|x, y), denoting the conditional probability for the measured data set d with given parameter values x, y for the quantities of interest, of dierent diagnostics together with the prior PDFs p(x, y), containing a priori information about the physical quantities. The product of all likelihood and prior PDFs both usually initialized as Gaussian or Cauchy distributions is proportional to the posterior PDF p(x, y|d) which provides the joint probability distribution for the quantities of interest considering all the underlying measured data from various diagnostics simultaneously. Maximization of the posterior PDF delivers the parameter values that are most likely to produce the measured data set. [10, 11] At ASDEX Upgrade, IDA is routinely used for the estimation of electron density and temperature proles including LIB and DCN data for the density and ECE data for the temperature evaluation as presented in [9] .
The error analysis applies the χ 2 -binning method [12] where single or groups of neighboured density/temperature values are increased and decreased as long as the modelled data D i of channel i deteriorates from the measured data d i,j at time j such that ∆χ
These values form the upper and lower bounds of the original value. This rather simple method with independent error bars that do not include any prior information provides an intuitive assessment of the informational content of the measurement.
Code implementation
Our newly developed Electron Cyclotron radiation Forward Modelling (ECFM) code replaces the assumption of the`classical' ECE analysis which has previously been implemented in the IDA program. It generates the radiation temperature for given electron density and temperature proles by modelling the electron cyclotron radiation transport. The surrounding IDA process (cf. left-hand side of gure 1), of forming the likelihood PDFs for every diagnostic, combining them via Bayes' theorem with the prior PDFs, maximizing the posterior PDF via gradient-based optimization processes and assessing the uncertainties via χ 2 -binning method, is apart from the inclusion of some additional prior information applied as described in [9] .
Input data The scheme of the ECFM code is sketched on the right-hand side of gure 1. It needs complete proles of the electron density and temperature as input. These are provided as exponentials of cubic B-splines over several parameter values at dierent positions between ρ = 0 and 1. Figure 1 . Left: Scheme of the IDA process; the new features (ECFM code and additional prior information) are indicated by italics, right: Scheme of the ECFM code; the solid arrows mark the default process, the numbers denote the equation used for the corresponding step in the program ρ = (Ψ − Ψ axis ) / (Ψ separatrix − Ψ axis ) with poloidal ux Ψ oers a common coordinate system for all the diagnostics. The density prole can optionally be aligned to the temperature prole. This alignment can be regulated manually by a xed radial scale of the density prole or automatically by adapting the position of the density value with maximum curvature which is assumed to occur at the separatrix [13] either to ρ = 1.0 or to the position of T e = 100 eV (default setting) a reasonable separatrix condition for the electron temperature [14] . Apart from the alignment, the density prole is mainly determined by the LIB and DCN data and is only slightly adapted to the ECE data.
Calculation of the radiation intensity Given n e (ρ), T e (ρ) and their mapping to the ECE viewing lines, the emissivity
is calculated at every position s along the LOS where the density is lower than the cut-o density n co,2X = 2 0 m e,0 (πν 2X /e) 2 of the 2 nd harmonic X-mode [15] and set to 0 elsewhere, because no radiation from inside the cut-o layer can contribute. Possible reections are considered separately as described later. ECE channels that are in cut o at the position of their cold resonance are discarded completely. The X-mode fraction η 2X (s) of (3.11) is determined by
applying the tenuous plasma approach (ν ν p ) which is usually fullled at the plasma edge [8] and, therefore, appropriate for our purpose. The total emissivity j(s) and the shape function Φ ν,r (s) are given by (3.3) and (3.6). Here, it should be noted that we switched from angular frequency ω to the measured frequency ν = ω/(2π). To increase the radial resolution not only the emission prole of the central frequency ν ECE of each channel is calculated, but its measured bandwidth ∆ν ECE is discretized in N ν (Default: N ν = 3) equally distributed frequencies with bandwidths ∆ν = ∆ν ECE /N ν . At the same time, the LOS can be split up in N r toroidally distributed rays r, accounting for the nite beam width. The electron density and temperature values along each ray are thereby taken over from the central ray of the corresponding LOS. This can be motivated by the rays each transversing plasma regions with the same characteristics, given the validity of toroidal symmetry. Therefore, to consider the antenna pattern only the angle to the magnetic eld has to be adapted. Due to the negligible curvature of the magnetic eld lines within the small viewed area this is done by simply adding/subtracting the angle between the examined and the central ray θ r to/from the angle between the central ray and the magnetic eld lines θ:
Knowing the emissivity and via Kirchho's law also the absorption, the intensity for each frequency and each ray is obtained by solving the radiation transport equation with the assumption of a refractive index of N = 1 in the tenuous plasma approach:
This is done by simple integration with N s = 1000 xed steps ∆s (≈ 0.1 mm close to the cold resonance position and ≈ 2 mm elsewhere) from the inner wall to the antenna:
From the computational point of view it would be preferable to use an ODE solver with adaptable step size to solve the radiation transport equation. Unfortunately, the emissivity calculation is not absolutely numerically stable because the terms in (3.6) can possess very similar values which leads to large round-o errors. This can cause discontinuities in the intensity calculation which are way too small to have an inuence on the result, but are not tolerable for the gradient-based optimization process.
To get the total modelled single-pass radiation intensity I 0 A (ν ECE ) for one ECE channel, one has to sum up all the discretized frequencies and rays
with the Gauss-shaped weighting function with full width of half maximum ∆θ r and the discretized antenna pattern dθ r
for the dierent rays and with the lter function
of the band pass lter. Finally, the radiation intensity is translated into the radiation temperature T rad,mod (ν ECE ) via (3.9) which is then compared to the measured data within the likelihood PDF
for all ECE channels i and measured time points j within the time frame selected for the analysis where the proles are assumed to be constant.
Wall reections Optionally, contributions from wall reections and the 1 st harmonic Omode can be added to the modelled radiation intensity. The former might cause multiple ray passes through the plasma and especially in the fully tungsten-coated ASDEX Upgrade machine a signicantly enhanced intensity I A at the antenna compared to the single-pass intensity I 0 A . This is incorporated within ECFM via the innite-reection model 20) considering innite reections back and forth between parallel walls with reection coecient R for both walls [3] . In an optically thick plasma with optical depth between inner wall and antenna τ WA 1 this does not cause a contribution to the antenna intensity, because the reected intensity is re-absorbed completely, but it has to be taken into account in optically thin plasmas. The reection coecient is either given by a xed value (default: R = 0.99) or as a model parameter.
1
st harmonic O-mode contributions Due to harmonic overlap and mode conversion by polarization scrambling at the walls, radiation emitted by electrons at the high-eld side in 1 st harmonic O-mode might inuence the measurement. These contributions are usually negligible compared to the 2 nd harmonic X-mode radiation emitted in the main plasma since they are mostly re-absorbed on their path through the optically thick plasma. Furthermore, densities in typical ASDEX Upgrade discharges are generally much higher than the cut-o density of the 1 st harmonic O-mode. Anyway, it is conceivable that O-mode radiation emitted outside the cut-o layer on the high-eld side travels poloidally around the plasma by reections back and forth between the inner vessel wall and the cut-o layer and reaches the antenna at the low-eld side partly converted to X-mode. This can hardly be modelled due to the complex reection structures and unknown depolarization fraction. However, 1 st harmonic Omode contributions can be roughly approximated by the application of the optically thick plasma approach and the assumption that they are fully converted to X-mode and completely reach the antenna: ,1O ). This approach has been used to estimate the sensitivity of the model to the 1 st harmonic O-mode contributions. Anyway, since it is generally not valid, possible O-mode contributions are usually not considered in the calculation of the absolute radiation temperature value, but only taken into account as an additional source of uncertainty in the measurement. Outside a certain value (default: ρ = 1.05), where Omode contributions are assumed to dominate over radiation emitted in the 2 nd harmonic X-mode, the ECE data are given very large error bars and, therefore, are neglected in the model.
Error assessment Additionally to these contributions, the uncertainty in the ECE measurement is composed of an approximated error of 7 % on the data including systematic uncertainties from the calibration process and the temperature dependence of the gains and the mixers, plus the 1σ-standard deviation of the statistical scatter within the analyzed time frame, plus a digitization error of 15 eV (∆T rad,dat = 7 %T rad,dat + σ + 15 eV (+100 %T 1O rad,mod )). The latter was introduced to account for uncertainties that might arise in the low intensity edge channels since the current data acquisition system does not allow optimized gain settings, but uses a xed gain for every channel.
A priori information Additionally to the prior information of former standard IDA application, we included two prior PDFs that penalize high electron temperature values in the SOL (default: T e (ρ > 1.02) ≯ 50 eV) and outside the rst vessel wall (default: T e (ρ > ρ W ) ≯ 2 eV). The latter acts like an outer boundary for the extrapolation in the region with omitted or without ECE data. The SOL prior is sometimes necessary to avoid bifurcation in the modelling of the`shine-through' peak. If it is not too pronounced and the SOL density suciently high, the`shine-through' peak can not only be modelled by radiation shining through from the hotter plasma edge region, but also by very hot electrons located in the SOL. The suppression of the latter solution is justied assuming a typical ASDEX Upgrade separatrix temperature of T e,sep = 100 eV and power decay length of λ q = 3 mm [18] which results in an electron temperature decay length of λ Te ≈ 10 mm according to Spitzer-Härm conductivity and even less in the ux-limited model for parallel heat conduction [19] and, therefore, in an electron temperature T e (ρ > 1.02) < 37 eV.
Computational time Regarding its computational time, our ECFM code is not yet optimized for routine analysis. Each calculation of the complete radiation temperature prole which means more or less solving (3.15) for all N ch = 60 ECE channels with default values of N ν = 3 and N r = 1 takes approximately 0.13 s. This value is increased by several orders of magnitude within the optimization process and error analysis of IDA such that the time consumption of a complete IDA run for one time point is in the order of 10 min. The most time consuming part of the forward model is given by the calculation of the emission shape function (3.6) which is done N ch × N ν × N r × N s = 1.8 × 10 5 times.
Due to the linear dependence of the computational time on N ν and N r and their weak inuence on the results (cf. section 6) we only use a small number of frequency and ray discretizations for standard analysis. This nding demonstrates the importance of our new analytical formula for the emission prole which fastens its calculation by orders of magnitude.
Edge electron temperature proles in H-mode discharges
Since the H-mode serves as baseline scenario for fusion power plants and at the same time exhibits with its steep edge gradients the strong need for a sophisticated ECE analysis like ECFM to obtain reliable edge electron temperatures, we exemplify the results of an arbitrary ASDEX Upgrade standard H-mode discharge #25804 and an H-mode discharge with strongly pronounced`shine-through' peak #23417. Both discharges were performed with plasma current of I P = 1.0 MA and toroidal magnetic eld B t = −2.5 T. Discharge #25804 was heated with P = 9.1 MW and exhibited a central electron density n e,0 = 8. the electron temperature in the SOL. The explanation for this will be given in the next section. Panels (c) and (g) additionally depict the electron density used for the forward modelling (solid lines). For ECFM analysis of discharge #25804 the electron density prole had been shifted according to the separatrix condition mentioned in section 3.3.
The most important observation for the electron temperature results was their increased steepness compared to the radiation temperature and, therefore, also compared to the electron temperature results from`classical' analysis. For discharge #25804 the maximal electron temperature gradient was more then two times higher than the radiation temperature gradient (cf. gure 2(d)), for discharge #23417 the maximum of the electron temperature gradient exceeded the maximum of the radiation temperature gradient by around 40 % (cf. gure 2(h)).
Radiation temperature versus electron temperature in H-mode discharges
The scope of this section is to explain the large deviations between the electron and radiation temperature and their gradients at the edge and in the SOL. In the following we show qualitatively for dierent regions with characteristic plasma conditions regarding optical depth and gradient strength how the radiation temperature behaves compared to the electron temperature at its cold resonance position. Therefore, the emission and absorption proles and the radiation transport of three representative ECE channels with cold resonances marked by vertical black lines in gure 3 are described in detail. Optically thick and low gradient plasma region For discharge #25804 the ECE channel with central frequency of ν ECE = 110.4 GHz had its cold resonance at ρ = 0.96. In this region of high electron density and temperature, already after a short ray path, the whole emitted radiation (blue, solid in gure 3(b)) was fully re-absorbed (green, dashed) and the electron cyclotron intensity (red, solid) reached black-body level (black, dashed). At the same time, the high re-absorption narrowed the region in which the actual measured radiation has been emitted (lled range). The determination of the actual emission region was done by back-integration of the radiation transport from the antenna towards the plasma center until the modelled radiation intensity was reached. In this case of high optical depth and low gradients the actually viewed region was located around the position of the cold resonance and exhibited only small changes in electron density and temperature. Under these conditions, the modelled radiation temperature (red plus in gure 3(a)) matched the electron temperature (red line) at the cold resonance position of the measured frequency at ρ = 0.96 as predicted by thè classical' ECE analysis described in section 3.1. The same behaviour was observed for ECE channel with central frequency of ν ECE = 114.4 GHz of discharge #23417 (cf. gure 3(f)).
Optically thick and high gradient plasma region The cold resonance positions of frequencies ν ECE = 109.8 GHz (#25804) and ν ECE = 112.9 GHz (#23417) illustrated in gure 3(c) and (g) were located near the pedestal top where the plasma was still optically thick but close to the steep edge. Again, the high absorption assured radiation at blackbody level and a narrow emission region around the cold resonance position. However, the emission region reached the steep gradient area with large variances in the radiation level. In case of discharge #25804 the main contribution to the antenna intensity came from slightly inside the cold resonance position which resulted in a radiation temperature higher than the electron temperature at the cold resonance position. In case of discharge #23417 the main emission origin was shifted slightly outwards into regions with rapidly falling electron density and temperature which resulted in a radiation temperature smaller than the electron temperature at the cold resonance position.
Optically thin and high gradient plasma region The resonance regions of the ECE channels with central frequencies ν ECE = 108.9 GHz (#25804) and ν ECE = 111.8 GHz (#23417) were optically thin (incomplete re-absorption) and the observation areas remained rather broad (gure 3(d) and (h)). In fact, the main contribution of the measured radiation was emitted far inside the cold resonance position in the much hotter edge gradient region which caused a radiation temperature which greatly exceeded the actual electron temperature at its cold resonance position the`shine-through' peak. This also explains the large uncertainty of the SOL electron temperature in gure 2(e). The radiation contribution from the SOL was too low as to provide signicant information on the local electron temperature. However, since the`shinethrough' peak contained information about the edge gradient region it allowed to reduce the uncertainty of the electron temperature in this very important region. The low error bars around the separatrix in gure 2(a) do not indicate that the informational content from this area was larger than for discharge #23417 because its emission contribution was also negligible. However, larger SOL electron temperatures would have increased the absorption such that the`shine-through' peak could not have been modelled anymore. This might be an indication for an overestimated electron density. 6 . Sensitivity of the electron temperature result on the model inputs Due to non-linear physics (e.g. electron temperature and density dependence of the emission prole) and non-quantiable sources of systematic uncertainties (e.g. wall reections) of the dierent diagnostics, IDA incorporates high complexity and a large amount of degrees of freedom. This might cause non-transparent responses of the model to its inputs. This section is, therefore, dedicated to a detailed sensitivity study that we performed to demonstrate the inuence of some model inputs on the ECFM output which on the one hand improved the understanding of the interaction between the model and its inputs and on the other hand allowed to narrow the area of validity of uncertain input parameters.
We identied the numerical or physical origin of the respective behaviour and were able to nd objective criteria for proper selection of program settings. As a quantitative measure for the quality of the modelling, we considered χ 2 given by (3.19) or χ 2 n normalized on the number of ECE channels and the number of measurement points per analyzed time point. It should be noted here, that in contrast to considering statistically distributed uncertainties only in our case, χ 2 n laid below 1 since systematic uncertainties were also taken into account. The dominant contribution to the uncertainty of the radiation temperature was made of 7 % on the data (cf. section 3.3) which was correlated for all channels. This strongly reduced χ 2 n . In addition, the inclusion of data points that were neglected in the analysis by a very large uncertainty caused a negligible contribution to χ 2 while they were still weighted and, therefore, reduced the normalized χ 2 further.
Sensitivity on the number of spline knots
The rst sensitivity study accounted for the number and position of spline knots that were used to parameterize the electron temperature prole. In our investigation the nodes between ρ = 0 − 0.8 were kept xed, while the number of nodes at the plasma edge was increased with either equidistant distribution (crosses in gure 4 left) or with decreasing step size (squares) towards the separatrix, the region of strongest changes. According to the high χ 2 n values, less than 14 spline knots were not sucient for reasonable modelling. On the other hand, any further increase of the node number did not inuence χ 2 n strongly. Also the eect of equally or irregularly distributed nodes on χ 2 n was very small for discharge #23417. However, the resulting electron temperature proles diered, as shown on the right-hand side of gure 4 analyzed with 19 nodes each but dierent node distribution. For both cases, the modelled radiation temperatures 
Sensitivity on the electron density
Due to the linear electron density dependence of the emissivity (3.3), reasonable ECFM analysis relied on accurate knowledge about the complete electron density prole. The joint analysis of electron density and temperature within the framework of IDA provided the best conditions to deal with the complementary information of these two quantities needed for ECFM. Anyway, electron density estimation is always accompanied by uncertainties in absolute value as well as position. Furthermore, the alignment between electron density and temperature proles is exposed to uncertainties in the equilibrium reconstruction. The inclusion of the density uncertainties into the ECFM analysis would have greatly increased its complexity and was, therefore, omitted. Instead, the eect of density-scaling both in quantity and position relative to the electron temperature prole on the electron temperature results was investigated in detail.
Absolute value The left plot of gure 5 displays χ 2 n for varied electron density values between 0.8 × n e and 1.2 × n e which depicted the upper limit of 20 % uncertainty in the density reconstruction from LIB data. The eect on χ line in gure 6(c)), resulted from the fact that the cut-o density (black crosses) was exceeded. In this case, the aected ECE channels were set to T rad,mod = 0 ((cf. blue dots in gure 6(a))) and omitted in the analysis by setting their uncertainties to a very large value. This caused a higher value for χ Alignment In contrast to the weak inuence of the absolute value, an accurate alignment of the electron density prole with the electron temperature prole was of great importance. This can be seen on the right side of gure 5 where χ 2 n is plotted against the electron density shift. Shifts up to ∆ρ ± 0.02 (+ outwards/ -inwards) which correspond to ∆R ≈ ±10 mm seemed to be reasonable within the uncertainties. For both analyzed discharges χ 2 n exhibited a clear minimum. While for discharge #23417 the original electron density and temperature proles were perfectly aligned, the density of #25804 needed to be shifted towards the temperature prole by ∆ρ = −0.02 to achieve the best modelling results.
The eect of the prole alignment is shown on the right side of gure 6 where the electron density and temperature proles (d), the line integrated radiation intensities (e) and the corresponding emission and absorption proles (f) for ECE channel with mean frequency ν ECE = 111. T rad values at the positions of their cold resonance and the original (black solid line) and the shifted (black dashed line) n e prole, (e) the line integrated radiation intensities and (f) the corresponding emission (red/blue lines) the absorption (orange/light blue lines) proles of ECE channel with mean frequency ν ECE = 111.8 GHz for discharge #23417 at t = 3.47 s match the ECE measurement anyway, the absorption was reduced in the region around the separatrix (ρ = 0.99 − 1.01) by a decrease in the electron temperature. However, these lower electron temperatures leaded to a mist between measured (black crosses in d) and modelled (blue pluses) radiation temperatures for the two ECE channels slightly inside the separatrix.
Sensitivity on the reection coecient
In optically thin plasma regions multiple ray passes due to reections increase the measured intensity as described in section 3.3. Unfortunately, an exact modelling with known reections coecients was not possible because of the complicated wall structures and resulting diusive scattering. Instead, a simplied model (3.20) with a parameterized reection coecient was used for ECFM analysis. The dependency of χ 2 n on this reection coecient is shown on the left side of gure 7. For both discharges, the modelling with highest reection close to 100 % delivered the best result. For the tungsten coated walls of ASDEX Upgrade this value seemed to be reasonable.
To illustrate the eect of reections on the radiation intensity, the results for the ECE channel with central frequency of ν ECE = 111.8 GHz of discharge #23417 obtained with high reection coecient (R = 0.99, reddish solid lines on the left-hand side of gure 8) were compared to the results obtained without considering reections (bluish dashed lines). In both cases, the modelled radiation temperature (red/blue pluses in a) for the selected ECE channel matched the measurement (black dot) perfectly. Without reections, it was directly given by the single-pass intensity (blue dashed line in c). With reections the single-pass intensity (red solid line in c) was smaller, but reached the same antenna intensity by multiple ray passes. The deviation in the single-pass intensity was produced by a higher electron temperature (red solid line in a) slightly before and at the cold resonance position which caused enhanced absorption (orange solid line in e) in this region.
Sensitivity on the antenna pattern
ECFM analysis incorporates the possibility to account for the nite antenna pattern (cf. section 3.3). The desired number of rays for the discretization of the viewing beam has to be dened in the input le. As already stated, for standard analysis we only consider the central ray, because the computational time increases linearly with the number of rays. This simplication is justied by the small variances in χ are not yet weighted which means that the actual contributions of the decentral rays were much smaller. An interesting observation is that the ray which was closest to perpendicular viewing exhibited the lowest emission. This is due to the fact, that its shape function was less shifted inwards, because of less Doppler broadening, to hotter and denser plasma regions.
Validation of the method
The purpose of this section is to validate our method by demonstrating that it is possible to reconstruct articial electron density and temperature proles from the synthetic radiation temperature and by checking the consistency of our electron temperature results with other diagnostics. Furthermore, the limitations of our method is discussed.
Reconstruction of articial data
The black lines in gure 9(a) and (c) show articially created electron temperature and density proles. Using these for the modelling of the radiation transport delivers the synthetic ECE data T rad,dat (black dots in (a)). Reconstructing the input electron temperature by forward modelling of the radiation temperature results in the red prole for the electron temperature and the red dots for the modelled radiation temperature. ECFM was able to reproduce the articial input prole within the error bars. Despite its lower temporal and spacial resolution compared to the ECE measurement, TS diagnostic exhibits the advantage of measuring the electron temperature and density simultaneously and, therefore, delivers important information about the alignment of the proles. Principles of the ASDEX Upgrade TS system can be found in [16] . The left-hand side of gure 10 shows for discharge #24161 the electron temperature (a) and density (c) results obtained via ECFM/IDA analysis (red/blue line) compared to the TS data (green circles). After shifting the TS proles 7 mm (#24161) outwards, both, electron temperature and density proles agreed very well. The shifts were reasonable within the spatial resolution of TS and the uncertainties in the equilibrium reconstruction which acted dierently on the line-integrated TS measurement and the magnetic-eld dependent localization of the ECE measurement.
The Langmuir probes which can only measure in cold plasma regions deliver electron temperature results in the SOL or in case of an L-mode discharge even up to slightly inside the separatrix. Like TS diagnostics they measure the electron temperature as well as the density, but usually with dierent probes.
The results of the Langmuir probes on the midplane manipulator for L-mode discharge #24111 [17] are shown as green circles on the right-hand side of gure 10.
Without any shift, the electron temperature (d) prole agreed very well with the ECFM result(red line). However, it should be noted that the signicance of the electron temperature data from ECE in the SOL was rather low. Outside a certain value (here: ρ 1.02), the fraction of 1 st harmonic O-mode contributing to the measured radiation intensity was assumed to dominate over radiation emitted in the 2 nd harmonic X-mode and, therefore, the aected ECE channels were omitted in the analysis. This is reected by the large error bars. The prole in this region was mainly xed by the wall prior which restricted the electron temperature to values lower than 2 eV at the rst wall, as described in section 3.3.
Limitations of the model
As already indicated in section 4, measurements of the electron cyclotron radiation are not sensitive to the electron temperature in the near SOL. This is demonstrated in gure 11 where the inuence of varying the SOL decay length of the electron temperature (coloured dashed lines) compared to the original ECFM result (red solid line, λ T e ≈ 5 mm) on the resulting radiation temperature (coloured pluses) was investigated. The steepest SOL prole (blue) thereby corresponded to a decay length of λ Te ≈ 0.5 mm, the attest SOL prole (green) to λ T e ≈ 20 mm. The small variation of the modelled radiation temperatures compared to scatter in the measurement (black crosses) indicated that it was not possible to resolve these dierences in the decay length with ECE. The electron temperature decay length obtained via the power decay length according to (6) in [18] was assumed to lie between λ T e ≈ 8.6 mm (Spitzer-Härm model) and λ T e ≈ 3.7 mm (limited-ux model).
Again, the electron temperature prole resulting from ECFM analysis (red line) outside of ρ = 1.02 was set by the wall prior. In between this position and the separatrix the shape was determined by the curvature prior which favoured the least curved prole.
Discussion
We presented a method to achieve reliable edge electron temperature proles from ECE data by forward modelling of the radiation transport. Previous`classical' ECE analysis was not able to exploit the information given by measurements with frequencies resonant in optically thin plasma regions and its edge gradient results mostly relied on extrapolations [9] . The integration of our newly developed ECFM code into the preexisting IDA routine now enables the application of ECE measurements for wellgrounded physics studies based on electron temperature proles and gradients at the plasma edge.
The most important observation on the electron temperature results obtained by ECFM analysis is that the H-mode edge gradients are actually steeper than the`classical' ECE analysis would reveal. As expected, the electron temperature around the separatrix and in the near SOL is generally lower than the radiation temperature because radiation from hotter plasma regions is shining through. Furthermore, already in the optically thick gradient and pedestal top regions, the radiation temperature can deviate from the electron temperature at the cold resonance position in both directions due to nite emission origin. This implicates that the electron temperature gradients obtained with`classical' ECE analysis, even if it is done with careful handling of ECE data with respect to the optical depth, can dier signicantly from the actual value. Since errors in the temperature are directly reected in the pressure a key player for pedestal physics like edge stability interpretations based on`classical' ECE analysis might be misleading. It was shown that electron temperature proles resulting from ECFM analysis are consistent with those from TS measuring the pedestal top and edge gradient region and with those from Langmuir probe measurements around the separatrix.
Another important result is that the`shine-through' peak can be quantitatively reproduced by ECFM analysis. This phenomena has been unresolved for a long time and was believed to have non-thermal origins [4, 5] . However, according to recent results from JET, the down-shifted emission of thermal electrons in the H-mode edge gradient region can be strong enough to match the cold resonance frequencies of the SOL. Furthermore, due to the low optical depth in the SOL, their emitted radiation actually reaches the antenna [20] . This observation is conrmed by the results from ECFM analysis which is based on a Maxwellian electron distribution and its reliability reected in the residuals. Anyway, this nding does not allow to exclude the existence of non-thermal electrons. As a consequence of this de-localized radiation origin, the information about the SOL electron temperature is lost, because it is covered by the stronger emission from the edge gradient region. On the other hand, it enhances the resolution of the electron temperature gradient.
We performed a detailed sensitivity study which allowed us to validate the variable program settings and input parameters. Investigations on the inuence of the number and position of spline knots on the electron temperature results suggest to apply a suciently large node number close to the separatrix to be able to resolve the strong gradient, but a rather small number in regions of little changes to avoid`ringing'. Therefore, we use 21 spline knots with decreasing step size towards the separatrix as standard setting.
Related to the sensitivity on the electron density, we observe that the electron temperature results hardly react on variances of absolute density within its uncertainty range. However, an accurate alignment of electron density and temperature proles is crucial because the steepness of the electron temperature edge gradient is very sensitive to the prole alignment. On the other hand, the increase of χ 2 n shows that it is not possible to fully compensate an inaccurate electron density position by adapting the electron temperature prole. This means that our method delivers the possibility to estimate the actual relative shift between the ECE and LIB diagnostic from the quality of the t to the data. We showed that density shifts up to 10 mm can be necessary to enable a good modelling. However, these shifts are justied within the radial resolution of LIB and the uncertainties in equilibrium reconstruction. Furthermore, our observations concerning the best alignment of the kinetic proles is consistent with the ndings in [13] .
Concerning the wall reections, we observe that the modelling usually works best for almost total reection. Like the density alignment, the value of the reection coecient strongly inuences the resulting electron temperature edge gradients. Admittedly, the actual coecient used for the analysis which is either chosen manually or selected automatically by the model to enable the best t to the data is not based on any physical model or measurement. Anyway, reections close to 100 %, as suggested by our sensitivity study, seems to be reasonable for a tungsten coated wall and small deviances from that do not inuence the result signicantly.
As discussed in gure 3.3 it is not possible to set up a proper model for possible contributions from 1 st harmonic O-mode. However, results obtained with the simple approach described in gure 3.3 showed that it was justied to consider all ECE data with cold resonance within ρ = 1.05 because the inuence of 1 st harmonic O-mode contributions within the main plasma, the edge and the near SOL region on the electron temperature result was negligible. Furthermore, it is quite likely that the feature of relatively high and even increasing intensity measured for channels with cold resonance outside ρ ≈ 1.05 can be explained by contributions from 1 st harmonic O-mode.
The occurrence of the`shine-through' peak should not prevent people from seeing the ECE measurement as a suitable diagnostic for edge analysis. In fact, it really poses a chance. First, because it contains important information about the edge electron temperature gradient. Second, the existence of the`shine-through' is not itself the reason for the failure of the`classical' ECE analysis but only the evidence that the optically thick approach fails anyway in the edge region and that one really needs an appropriate model for the electron cyclotron radiation transport and reliable density proles for well-grounded studies of plasma edge physics based on ECE data. 
